Significant enhancement in thermoelectric properties of polycrystalline Pr-doped SrTiO 32d ceramics originating from nonuniform distribution of Pr dopants
The quest for stable high performance thermoelectric materials for high-temperature applications remains an active area of research. Oxide thermoelectrics were shown to be promising candidates, from stability and cost perspectives to electronic transport capabilities. 1 Among the n-type oxide thermoelectrics, highly doped strontium titanate (STO) has attracted much attention due to its intriguing electronic properties. Tunable electrical conductivity along with a large carrier effective mass and degenerate conduction band, which leads to a large Seebeck coefficient at high carrier concentrations, promises a large themroelectric power factor. However, a low carrier mobility (l $ 6 cm 2 V À1 s À1 at 300 K for single crystals) 2 and a large total thermal conductivity (j $ 12 W m À1 K À1 at 300 K for single crystals) 2 detrimentally affect the thermoelectric performance which is evaluated by a dimensionless figure of merit, ZT ¼ a 2 rT=j, where a is the Seebeck coefficient, r the electrical conductivity, j the total thermal conductivity, and T the absolute temperature in Kelvin. Maximum ZT values of 0.27 and 0.17 at 800 C were reported for La-doped and Nb-doped single crystals, respectively, 2 which need to be further enhanced in order for STO-based oxides to be able to compete with the other high temperature candidates.
The majority of the experimental investigations in order to improve the thermoelectric performance of STO beyond that of the single crystal have focused on the reduction of j mainly through lattice distortion and mass fluctuation scattering mechanisms. These attempts include: (i) Single-or 3, 4 (ii) Synthesis of natural superlattice Ruddlesden-Popper structures is another attempt to reduce thermal conductivity. 5 However, it is observed that the detrimental effect of the insulating SrO layers on carrier mobility reduces electrical conductivity, hence it impairs the thermoelectric power factor (herein defined as PF ¼ a 2 rT) more significantly than it reduces thermal conductivity. 6 (iii) Composite engineering is also another strategy which was employed to reduce the thermal conductivity by addition of a nanosized second phase. Inclusion of YSZ nanoparticles and potassium titanate nanowires in Nb-doped STO matrix resulted in maximum ZT values of 0.21 and 0.34 at 630 C, respectively. 7, 8 It is worth mentioning that due to the very small phonon mean free path in SrTiO 3 (l ph $ 2 nm at 300 K for single crystal), 9 nanostructuring is not a viable option for the improvement of the TE performance of bulk STO ceramics primarily through the reduction of the lattice thermal conductivity.
However, no enhancement strategy has been reported to substantially increase the thermoelectric power factor in these oxides. The reported maximum power factor (PF) values in bulk single-and poly-crystalline STO have been confined to an upper limit of PF 1:0 W m À1 K
À1
. Very recently, we have reported a significant improvement (>70% over the previously reported maximum at 500 C) in the thermoelectric power factor of bulk polycrystalline SrTiO 3 via in situ Pr doping of the grain boundaries using a novel synthesis strategy. 10 The thermoelectric power factor was enhanced over a broad range of temperature and doping concentration with the highest ever reported value of $1. C. This pronounced enhancement was a result of much improved carrier mobility ($by a factor of 2 at room temperature).
In this Letter, we present and discuss the results of our investigations on the electronic and thermal transport in Pr-doped SrTiO 3 ceramics. We show that the simultaneous enhancement in the thermoelectric power factor and reduction in thermal conductivity resulted in a thermoelectric figure of merit of 0.35 at 500 C. Investigations were performed to determine the optimum doping concentration. The samples exhibit a larger figure of merit than reported in the literature for the whole temperature range under study.
Sr 1Àx Pr x TiO 3 powders with 0 < x 0:175 were prepared using a solid-state reaction process. Stoichiometric amounts of SrCO 3 powder (99.9%; Aldrich), Pr 2 O 3 sintered lumps (99.9%; Alfa Aesar), and TiO 2 nanopowder (99.5%; Aldrich) were mixed, cold pressed into pellets and then calcined in air at 1400 C with intermediate grinding. The calcined pellets were subsequently pulverized into powders using a mortar and pestle. The resulting powders were densified into disks (12.7 mm diameters and 3 mm thick) using spark plasma sintering (SPS) technique (Dr. Sinter Lab, SPS-515 S) under dynamic vacuum at 1400-1500 C for 5 min. It was found that SPS heating rate can play a crucial role on the modification of the electronic transport by the formation of the Pr-rich grain boundaries. 10 Densities, q, of the bulk samples were determined using the Archimedes method and are all higher than 95% of their theoretical values. Thermal diffusivity, d, was measure on the disk samples using a Netzsch LFA 457 MicroFlash system (300-773 K). The specific heat, C p was measured on a Netzsch differential scanning calorimeter (DSC) 404 C Pegasus system. Thermal conductivity was then calculated from j ¼ qC p d. Rectangular bars (10 Â 2 Â 2 mm 3 ) were cut from the disks for the measurements of electrical conductivity (r) and Seebeck coefficient (a). High temperature measurements were performed using an Ulvac-Riko ZEM-3 (300 K to 800 K) system. Carrier concentration of the samples were determined with a Quantum Design PPMS system using five-probe configuration under low (0.5 T) and high (3 T) magnetic fields (10 K to 300 K). All the transport measurements reported for a given composition were performed on the same sample. Figure 1(a) shows the temperature dependence of electrical conductivity as a function of nominal doping concentration. All the samples exhibit a degenerate semiconducting behavior. It is observed that r monotonically increases with increasing Pr content up to x ¼ 0.15 (shown with red arrow). Sample with x ¼ 0.15 possesses the largest electrical conductivity leading to the maximum power factor of 1.32 W m À1 K À1 at 500 C, the largest ever reported for either single-or poly-crystalline SrTiO 3 ceramics. However, a further increase in the Pr content up to x ¼ 0.175, results in a marked decrease in the electrical conductivity (shown with gray arrow), most likely originating from a reduction in carrier mobility, l. Figure 1(b) shows the Seebeck coefficient as a function of temperature. Diffusive-like thermopower (in agreement with the degenerate semiconducting behavior) is observed for all the samples and no sign of minority carrier contribution and bipolar effects are observed. The absolute a monotonically reduces with increasing the Pr content due to an increase in the carrier concentration, n, which is reported in Table I . However, the increase in the carrier concentration and the corresponding reduction in the absolute thermopower is less pronounced for x > 0.125 which suggest the partial incorporation of the Pr dopants in the lattice. Appearance of small peaks of praseodymium oxide in the X-ray diffraction pattern for these samples confirms this suggestion. Room temperature properties are reported in Table I . ). 11 It was found that not only the magnitude of j L above room temperature reduces with an increase in the Pr content, but the temperature dependence of j L relaxes, from T À0:72 for x ¼ 0.05 to almost temperature-independent for x ¼ 0.15. Weaker temperature dependence than 1=T (i.e., T À1 ), which is expected for a crystalline material at high temperature, is expected for samples with atomic disorder or other point defects. Further increase in the Pr content of the sample up to x ¼ 0.175 leads to an increase in j as well as j L .
In order to further highlight the reduction in j and the effectiveness of the synthesis strategy employed in this work, the minimum lattice thermal conductivity, j min , for SrTiO 3 is calculated using Cahill's formula for disordered crystals. 12, 13 The calculated j min is about 1.5 W m À1 K À1 at room temperature for pristine SrTiO 3 . Figure 2(b) shows the room temperature lattice thermal conductivity as a function of carrier concentration for samples investigated in this work as well as reported in the literature for other single-and poly-crystalline samples. This figure provides a measure of the impact of different dopants on the distortion of the lattice and its corresponding effect on j L . The reported n might possibly include contributions from oxygen vacancies as well which can influence j L . However, considering the fact that the measured n are almost always lower than (within 10%) the nominal values, these contributions can be assumed negligible and thus the trends considered valid. A linear decrease in j L is observed for La-doped SrTiO 3 single crystals with increasing La content. This reduction originates from the differences in mass (M Sr ) and ionic radius (R Pr 3þ ¼ 1:12 Å ). 14 However, a steep decrease in j L was observed with an increase in Pr content of the samples presented in this work. Due to the relatively large average grain size (2-4lm) in our samples, three orders of magnitude larger than the phonon mean free path, poly-crystalline nature of the ceramics and phonon scattering from the interfaces are not anticipated to play a significant role in the expected trend. In fact, similar values of j L achieved for La-doped SrTiO 3 polycrystalline ceramic and its single crystal counterpart attests to this assumption. 15 The significant reduction in j L for the non-uniformly Pr-doped SrTiO 3 ceramics suggests the possibility of another phonon scattering mechanism beyond that of mass fluctuation and strain field effect observed in single crystals. X-ray diffraction analysis of the samples supported by electron backscattered diffraction (EBSD) suggests the cubic (Pm 3m) to pseudo-cubic (P4/mmm) transition in the Pr-rich boundary region which is more visible for the samples with x > 0.125. This kind of structural transition has been reported in uniformly Pr-doped SrTiO 3 ceramics with x > 0.05 which is ascribed to the tilting of the TiO 6 octahedra. 16, 17 This suggests that aside from the respective mass fluctuation and strain field scatterings within the grain and the grain boundary regions, phonons experience an extra strain field-type scattering as they travel from the core domain (grain) to the shell region (Pr-rich grain boundary), comparing to the uniformly doped sample. It is also observed that j L for sample with x ¼ 0.15 is approaching the calculated minimum at room temperature. The knowledge of the phonon dispersion curves and their modification with cubic to tetragonal transition is required to be able to conclusively discuss the phonon scattering mechanisms in these ceramics. Figure 3 shows the temperature dependence of the figure of merit, ZT. Reported maximum ZT values in the literature for single-and polycrystalline SrTiO 3 are also shown for comparison. [2] [3] [4] 8, 18, 19 Pr-doped SrTiO 3 polycrystalline samples prepared using the strategy employed in this work shows much higher ZT values over the whole temperature range under study. Maximum ZT values above 0.6 can be predicted at 1000 C by fitting the experimental electronic and thermal transport data, if the measurements are to be performed under a highly reducing atmosphere. Of course, these projections need to be validated experimentally. However, it is worth mentioning that such high ZT values are achieved with high electrical conductivity which makes these ceramics desirable candidates for device fabrication due to minimal electrical contact problems.
In summary, the thermoelectric properties of polycrystalline Sr 1Àx Pr x TiO 3 ceramics were investigated. Results show that a simultaneous enhancement in the thermoelectric power factor and reduction in thermal conductivity was achieved for these samples originating from the nonuniform distribution of dopants from within the grains to the grain boundary region. Optimum nominal Pr concentration of x ¼ 0.15 was determined which maximizes the thermoelectric power factor and minimizes the thermal conductivity.
Higher ZT values than reported in the literature were achieved over the whole temperature range. A maximum ZT of 0.35 at 500 C was obtained for this sample.
